ABSTRACT Construction of Listeria monocytogenes mutants by allelic exchange has been laborious and time-consuming due to lack of proficient selection markers for the final recombination event, that is, a marker conveying substance sensitivity to the bacteria bearing it, enabling the exclusion of merodiploids and selection for plasmid loss. In order to address this issue, we engineered a counterselection marker based on a mutated phenylalanyl-tRNA synthetase gene (pheS*). This mutation renders the phenylalanine-binding site of the enzyme more promiscuous and allows the binding of the toxic p-chloro-phenylalanine analog (p-Cl-phe) as a substrate. When pheS* is introduced into L. monocytogenes and highly expressed under control of a constitutively active promoter, the bacteria become sensitive to p-Cl-phe supplemented in the medium. This enabled us to utilize pheS* as a negative selection marker and generate a novel, efficient suicide vector for allelic exchange in L. monocytogenes. We used this vector to investigate the monocin genomic region in L. monocytogenes strain 10403S by constructing deletion mutants of the region. We have found this region to be active and to cause bacterial lysis upon mitomycin C treatment. The future applications of such an effective counterselection system, which does not require any background genomic alterations, are vast, as it can be modularly used in various selection systems (e.g., genetic screens). We expect this counterselection marker to be a valuable genetic tool in research on L. monocytogenes. IMPORTANCE L. monocytogenes is an opportunistic intracellular pathogen and a widely studied model organism. An efficient counterselection marker is a longstanding need in Listeria research for improving the ability to design and perform various genetic manipulations and screening systems for different purposes. We report the construction and utilization of an efficient suicide vector for allelic exchange which can be conjugated, leaves no marker in the bacterial chromosome, and does not require the use of sometimes leaky inducible promoters. This highly efficient genome editing tool for L. monocytogenes will allow for rapid sequential mutagenesis, introduction of point mutations, and design of screening systems. We anticipate that it will be extensively used by the research community and yield novel insights into the diverse fields studied using this model organism.
L
isteria monocytogenes is a Gram-positive, foodborne, facultative intracellular pathogen and the causative agent of listeriosis (1) . Listeriosis can cause abortions during pregnancy in humans and may lead to encephalitis, septicemia, and death in immunosuppressed people, such as the elderly, HIV patients, and people after transplanta-tion or chemotherapy. L. monocytogenes is being extensively studied as a model organism for intracellular pathogens via genetic manipulation (1) (2) (3) . There are many genetic tools available for L. monocytogenes, including integrative plasmids, replicating plasmids, transposons, and temperature-sensitive plasmids, enabling various manipulations to be carried out (4) . In order to genetically investigate the pathogenicity of this model organism in an unbiased manner, it is essential to construct clean mutations or genomic deletions of loci of interest. Generation of "scarless" deletion mutants, genomic point mutations, or genomic insertions in L. monocytogenes is performed by the standard allelic exchange method. When applying this method, a plasmid is site-specifically integrated into the bacterial chromosome by homologous recombination (first recombination event), and subsequently the plasmid is excised, again by homologous recombination (second recombination event), leaving the chromosome mutated. Selection for the first recombination event is fairly easily achieved, as the plasmids utilized harbor an antibiotic resistance gene and a temperature-sensitive origin of replication. Therefore, after introducing the plasmid into the bacteria, selection is attained by plating selective media at temperatures inhibiting plasmid replication (5-9). However, selection for the second recombination event is routinely executed by manually streaking colonies on plates with and without antibiotics and searching for bacteria regaining antibiotic sensitivity. This process is laborious, as only a small fraction of the bacteria go through the second recombination event to regain sensitivity after overnight culture growth. To enrich these bacteria, the population is grown for dozens of generations without antibiotics, which is highly time-consuming. A marker enabling the exclusion of merodiploids and selection for plasmid loss (a counterselection marker) can make the genomic editing process dramatically more efficient, and yet until now an efficient counterselection system for L. monocytogenes has not been available.
Some of the accepted counterselection approaches used in other bacteria, such as sacB and tetAR, necessitate features of Gram-negative bacteria and are therefore incompatible with L. monocytogenes (10) . Recently, Abdelhamed et al. constructed and published a report of a counterselectable plasmid for L. monocytogenes which is based on the inducible transcription of secY antisense RNA (7). Notwithstanding, from our experience with inducible promoters in Listeria, leaky expression is always an issue and in this case may inflict a fitness cost to bacteria harboring the plasmid, even in the absence of an inducer. Moreover, this plasmid is 8,995 bp long, which may make inserting long fragments less efficient, and it cannot be conjugated, which necessitates the laborious preparation of competent L. monocytogenes cells from each parental strain. These constraints accumulate particularly when constructing strains with multiple genomic alterations sequentially.
In this study, we describe the construction of an efficient counterselection marker in L. monocytogenes, which is based on a mutated phenylalanyl-tRNA synthetase gene (pheS*) (11) . This mutation renders the phenylalanine-binding site of the enzyme more promiscuous and allows the binding of the toxic p-chloro-phenylalanine (p-Cl-phe) analog as a substrate. Using this approach as a counterselection system we generated a novel, efficient suicide vector for allelic exchange in L. monocytogenes. As a proof of concept, two gene deletion mutations in the monocin (F-type bacteriocin) genomic region of the 10403S strain were generated by this method and are described below.
RESULTS
Construction and calibration of pheS* counterselection marker. Mutating the conserved alanine corresponding to A294 in the PheS of Escherichia coli to glycine was previously shown to generate an effective counterselection system in E. coli, Enterococcus faecalis, Streptococcus mutans, and Thermus thermophilus (12) (13) (14) (15) . Using Clustal Omega, we aligned the amino acid sequences of PheS from E. coli to those of Listeria monocytogenes, Listeria innocua, and Bacillus subtilis and found the conserved alanine in all species (Fig. 1A) (16) . We chose to clone the B. subtilis pheS gene and not the endogenous pheS of L. monocytogenes in order to avoid unwanted integration of the counterselection vector into the native L. monocytogenes pheS gene by homologous recombination during the first recombination event. When aligning the pheS DNA sequences from L. monocytogenes and B. subtilis using MUSCLE, it is evident that even though the total identity is high at 68.61%, the longest identity streak is only 18 bp long, and thus the chances for homologous recombination between the two genes are low (see Fig. S1 in the supplemental material) (17) . Indeed, in our experience in working with this novel vector, no cases of such unwanted integration were encountered (so far, the system has been used to generate 20 different mutants). To this end, we cloned the B. subtilis pheS gene into the pPL2 integrative plasmid, replacing the corresponding codon GCA to GGA (A309G) to generate the pheS* mutation (for details, see Materials and Methods) ( Fig. 1A and S1 ) (18) . The mutated pheS* gene was expressed using a highly active constitutive promoter designated pConst (pPL2-pConst-pheS*). This promoter, consisting of the constitutive HyperSPO1 promoter fused to the full hly 5= untranslated region (UTR), was constructed by Shen and Higgins and described in their work from 2005 (19) . We next introduced pPL2-pConst-pheS* into L. monocytogenes, assessed the counterselection efficiency, and calibrated the p-Cl-phe concentration optimal for this system. By applying this expression system, we were able to restrict L. monocytogenes growth on plates containing 18 mM p-Cl-phe by ϳ10 Ϫ5 -fold, as evident from the CFU ratio between the restricted and unrestricted bacteria. As a control we used the same vector expressing green fluorescent protein (GFP) instead of PheS* to show that the restriction does not arise from the vector or the highly active promoter itself, with no apparent growth restriction (Fig. 1B) .
Construction of a novel suicide counterselection plasmid, pLR16-pheS*. In order to use the pheS* counterselection marker for allelic exchange procedures, we generated a new plasmid, pLR16-pheS* (Fig. 2) . This plasmid contains the temperature-sensitive Gram-positive origin of replication (Ori) first published as a part of pKSV7 (20) . This Ori facilitates plasmid replication at lower temperatures (30°C) and does not allow replication at higher temperatures (41°C). As indicated above, this feature allows the integration of the plasmid into the target gene at higher temperatures as part of the first recombination event. The origin of transfer (OriT), chloramphenicol resistance genes, and multiple cloning site (MCS) used in pLR16-pheS* are all part of pPL2 and were previously published (18) (Fig. 2) . During the construction of the plasmid, several cloning approaches were taken and their products assessed before reaching the operational plasmid. The full process is detailed in Materials and Methods and in Fig. S2 in the supplemental material, and the primers used are specified in Table 1 .
Construction of in-frame deletion mutants using pLR16-pheS*. In order to validate the functionality of pLR16-pheS*, we constructed two in-frame deletion mu- tants of L. monocytogenes strain 10403S with mutations in the genomic region from LMRG_2362 to LMRG_2378. This region contains 17 genes of a phage origin that were shown, in other L. monocytogenes strains, to function as phage tail-like F-type bacteriocins, also named monocins (21, 22) (Fig. 3A) . These monocins are produced upon induction of the SOS system, are released via bacterial lysis, and kill other Listeria strains (other than the producer strain), functioning as an altruistic mechanism to compete locally with neighboring bacteria. The first mutant we generated with mutations in this region had two genes deleted, LMRG_2377 and LMRG_2378 (1,132 bp, ΔftbQR mutant), which encode the monocin holin and endolysin, while the second had the complete monocin region, LMRG_2362 to LMRG_2378 deleted (10,727 bp, Δmonocin mutant). As part of our interest in the effects of phages and elements of phage origins on L. monocytogenes physiology and virulence (23, 24) , we wanted to specifically assess the influence of the L. monocytogenes 10403S monocin on bacterial growth under SOSinducing stress conditions. Since strain 10403S contains another prophage in its genome that is active, A118-like 10403S, we constructed the deletion mutants on a 10403S strain with the A118 prophage cured (A118-cured strain). This allowed us to distinguish between effects caused by the monocin and the A118-like phage. The deletions were carried out as specified in Materials and Methods. The pheS*-mediated selection for the second recombination event proved to be highly efficient, as about 1/100 of the bacteria grew on the selective p-Cl-phe plates, representing the typical plasmid loss rate of ϳ1%. We verified the mutants using PCR and found DNA products of the expected size, indicating successful gene deletions (Fig. 3B) .
The monocin gene region inhibits bacterial growth and causes lysis upon MC treatment. We next aimed to test whether the monocin of L. monocytogenes strain 10403S inhibits bacterial growth under SOS-inducing conditions and whether the monocin's holin and endolysin genes are involved. For induction of the SOS response we used mitomycin C (MC), a DNA-damaging agent that was shown before to activate monocin production (21) . First, we tested the Δmonocin and ΔftbQR mutants' growth in rich brain heart infusion (BHI) medium at 30°C with no treatment and found them all to grow like the A118-cured parental strain (Fig. 4A ). After treatment with MC and inspection of the optical density (OD) of the A118-cured strain, a sharp decrease was evident at 4 h posttreatment, representing bacterial lysis. To test whether this lysis is monocin mediated, we inspected the growth of the MC-treated Δmonocin mutant and (Table 1) were used, expecting ϳ12,700-bp-and ϳ2,000-bp-long products from A118 phage-cured L. monocytogenes and the Δmonocin mutant, respectively. For ΔftbQR, primers 19 and 22 (Table 1) were used, expecting ϳ2,700-bp-and ϳ1,600-bp-long products from A118-phage cured L. monocytogenes and ΔftbQR mutant, respectively. A 1-kb DNA ladder (GeneDireX) is shown on the right.
found it to grow like untreated bacteria (A118-cured without MC treatment) with no detectable lysis. When inspecting the growth of the ΔftbQR mutant, we found no bacterial lysis, but at 4 h posttreatment growth was arrested, and the final OD was much lower than in untreated bacteria (Fig. 4B) . Based on these observations, we concluded that the monocin region of L. monocytogenes strain 10403S is functional, imposes a significant fitness burden, and eventually causes bacterial lysis under conditions that induce severe DNA damage. Moreover, bacterial lysis is inflicted specifically by the holin and endolysin genes, carried at the end of the monocin gene region.
DISCUSSION
In this work, we describe the construction of a novel and efficient suicide vector for allelic exchange in L. monocytogenes, pLR16-pheS*, employing the pheS*-mediated counterselection in this species. Prior to this system, many attempts to generate an efficient counterselection system in L. monocytogenes have been made by our laboratory and others, though they all failed for different reasons. Intrigued by the challenge, we cloned and tested multiple selection systems that are used in other bacteria, such as induction of streptomycin sensitivity (10), MazF toxin (25) , and the upp marker (25), until we came across the PheS system, which worked.
Testing the induction of streptomycin sensitivity as an approach was appealing at the beginning, as strain 10403S is resistant to streptomycin and therefore no genomic manipulations were needed in order to apply the counterselection. We introduced an intact rpsL gene (conferring streptomycin sensitivity) from B. subtilis and from L. monocytogenes EGD-e on pPL2 plasmids into L. monocytogenes 10403S, but these clones did not show streptomycin sensitivity (data not shown). Nevertheless, even if this method had worked, it would be relevant only to Listeria strains naturally resistant to streptomycin and would therefore be a very limited tool. Another method considered was the utilization of the E. coli MazF toxin as a counterselection marker. This method is frequently applied in B. subtilis and necessitates the use of a highly expressing but tightly regulated inducible promoter. Unfortunately, there is no tight inducible system in Listeria that completely prevents leaky transcription. Leaky expression of the toxin was shown to provoke the rise of spontaneous MazF-resistant mutants, which dramatically decreases the efficiency of isolation of the desired mutants by generating "false-positive" counterselected colonies still harboring the inserted segment (25) . Other methods, such as counterselection for upp, encoding uracil phosphoribosyltransferase that confers sensitivity to 5-fluorouracil, requires the deletion of upp in the parental strain, which may affect L. monocytogenes pathogenicity and skew the conclusions derived from the study of such mutants. The current system was a kind of last resort and was carefully adjusted by taking into account multiple considerations, some described below, that made it perfect for L. monocytogenes bacteria.
High expression of the B. subtilis PheS* and its functional similarity to the L. monocytogenes endogenous PheS protein are key for the effective restriction of bacterial growth. This is because the plasmid-encoded PheS* needs to compete with the native PheS for PheT-PheS complex formation (14, 26) . Therefore, several promoters were tested, of which the pConst promoter demonstrated the best results. To assess possible problems arising from similarity and compatibility between PheS* and the bacteria, we initially mutated the endogenous L. monocytogenes pheS(A310G) to construct L. monocytogenes pheS* on the pPL2 plasmid, in addition to the B. subtilis pheS*. We then tested both constructs for growth restriction as described above. This L. monocytogenes-derived pheS* conveyed a slightly, yet not significantly, more severe growth restriction than B. subtilis pheS* (data not shown). This shows that even though these proteins are not identical (70% identity and 84% similarity), they have an extremely high functional resemblance (27) . This is in contrast to the work published by Xie et al. in which they reported that they could not utilize pheS* markers from closely related bacteria in their Streptococcus mutans system (14) . The authors managed to obtain effective counterselection only by using pheS* encoding the exact protein sequence as the pheS endogenous to their system, except for the mutated alanine. In order to avoid unwanted homologous recombination into the endogenous pheS during the first recombination event, the authors mutated a large section of pheS* to be riddled with silent mutations (14) .
Other important parameters affecting pheS*-mediated toxicity are the potency of the substrate and the efficiency of the PheS*-mutated enzyme in using it. The potencies of p-Cl-phe from several manufacturers varied substantially; thus, p-Cl-phe concentration should be calibrated for maximal growth restriction when applying this system. It was recently reported by Miyazaki that mutating E. coli PheS T251A/A294G or T251S/ A294G improves the pheS*-mediated toxicity (28) . This threonine at position 251 is conserved in L. monocytogenes and B. subtilis, and an improved pheS* counterselection marker can be constructed and assessed, although we found ϳ10 5 restriction to be satisfactory.
In the second recombination event there are two, theoretically equally probable, outcomes to plasmid loss: (i) reverting to wild type (WT) or (ii) manifesting the desired mutation. In our lab we used pLR16-pheS* to preform multiple gene deletions, in addition to the ones presented here, and many other genomic alterations, including insertions, substitutions, and point mutations. We found that roughly half of the colonies inspected after counterselection were WT and half were the desired mutants, agreeing with the theoretical probability. When all of the inspected bacteria are found to be parental revertants, one can conclude that the mutation attempted is toxic or highly unfavored. This may be concluded only when inspecting a sufficient number of colonies after the second recombination event. The efficiency of the counterselection on p-Cl-phe enables one to easily conclude toxicity and try to biologically solve the problem instead of technically repeating the procedure in vain.
We used pLR16-pheS* to investigate the monocin genomic region in L. monocytogenes strain 10403S by constructing two deletion mutations of the region. This genomic region was first mentioned in 1990 by Gohmann et al., where they identified a gene provoking an immune response in mice and named it lmaA (Listeria monocytogenes antigen A) (29) . Later, lmaA and the three genes preceding it, lmaB, -C, and -D, were cloned. Furthermore, temperature-dependent differential expression and secretion of the proteins encoded by these genes were demonstrated (30) . In a much more recent work, published in 2012, Hain et al. refer to the lma region in the EGD-e strain as a phage remnant and a monocin due to the fact that most of its open reading frames (ORFs) are related to phage genes, including a holin and endolysin module, while noticing that it lacks essential phage functions such as capsid structural genes (31) . They show this region to be the only locus of phage origin conserved between Listeria lineages. This lma/monocin gene region/phage remnant locus is probably the conserved locus described to secrete bacteriolytic particles after UV induction in a work published in 1995 by Zink et al. (22) . In that work, the authors characterized a holin/endolysin gene thought to be related to the monocin. Very recently, Lee at al. reported that this region from L. monocytogenes strain ATCC 35152 and Listeria innocua strain ATCC 33090 functions as an F-type-bacteriocin (21) . The authors reported that this region, highly similar to the region in 10403S, produces phage tail-like bacteriocins with different killing spectra depending on the strain of origin. Furthermore, they cloned the complete monocin gene region from L. monocytogenes into B. subtilis, expressed it, and artificially altered its killing spectrum by means of genetic engineering. Due to the functionality of the region, the authors designated its genes ftbA to -R for F-type bacteriocins (Fig. 3) .
So far, the monocin region of L. monocytogenes 10403S has not been studied. In our laboratory we study another phage of this strain, A118-like 10403S, which resides as a prophage within the comK gene, affecting bacterial virulence (23) . Studying this phage using in vitro systems, for example, inducing its lytic production by treatment with mitomycin C or UV irradiation, we came across the notion that we might induce the production of the monocin as well. To test whether the monocin region is active, meaning that it can lead to bacterial lysis upon these treatments, we generated two mutants with the complete monocin region and the holin and endolysin genes deleted in the background of A118-cured strain. The data clearly show that the monocin region is activated upon mitomycin C treatment and leads to robust bacterial lysis, which is dependent on the holin and endolysin genes. This is a demonstration of the activity of this region in strain 10403S, which should be taken into account in our study and others, especially those that are using 10403S as a vaccine platform (32) .
Finally, the pheS* counterselection marker in L. monocytogenes is a potent genetic tool, as it can be applied in various genetic systems for different purposes, for example, systematic deletion and insertion of genes, generation of point mutations, curing of prophages, and designing selection systems for genetic screening. To the best of our knowledge, the pheS* counterselection system has not been used in B. subtilis or published. It is likely that such a system, utilizing the L. monocytogenes pheS* as constructed here, will work in B. subtilis and contribute to research in that important model organism as well (25) . pLR16-pheS* itself is a highly efficient genome editing tool for L. monocytogenes, and we expect it to work for all Listeria strains and species. We anticipate that it will be extensively used by the research community and yield novel insights into the diverse fields studied using this model organism and perhaps other Gram-positive bacteria as well.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. L. monocytogenes strain 10403S was used as a WT strain, and L. monocytogenes 10403S cured of A118-like phage (A118-cured strain) (23) was used as the parental strain for all mutants generated in this work ( Table 2 ). E. coli XL-1 Blue (Stratagene) was used for vector propagation. E. coli SM-10 was used for conjugative plasmid delivery to L. monocytogenes bacteria (33) . L. monocytogenes strains were grown in brain heart infusion (BHI) (Merck) medium at 37°C or 30°C as specified, and E. coli strains were grown in Luria-Bertani (LB) (Acumedia) medium at 37°C. p-Chloro-phenylalanine (p-Cl-phe) (Acros Organics) was added to the BHI agar before autoclaving to help dissolve it. Immediately after autoclaving, the medium was vigorously stirred, cooled down to ϳ55°C, and poured to plates. Antibiotics were used as specified: chloramphenicol (Cm), 10 g/ml; mitomycin C (MC) (Sigma), 1.5 g/ml; and streptomycin (Strep), 100 g/ml. All restriction enzymes were purchased from New England BioLabs. We used Phusion polymerase for all cloning purposes and Taq polymerase for PCR ligation verifications of the different plasmids described in this paper.
Construction of pheS* counterselection marker. The pheS gene was amplified from the B. subtilis 168 genome and mutated by overlap extension PCR using primers 3 and 5 and primers 4 and 6. The PCR products were then used as templates for pheS* amplification using primers 5 and 6 (34) ( Table 1 ). The mutated pheS* and pPL2 integrative plasmid (18) were digested using KpnI and PstI restriction enzymes, ligated using T4 ligase, transformed into E. coli XL-1 Blue competent bacteria, and selected on Cm. This pPL2-pheS* plasmid was digested using PstI and SacI restriction enzymes. pConst was amplified with primers 1 and 2, digested with the same enzymes, ligated upstream of pheS*, and transformed into XL-1 Blue. This pPL2-pConst-pheS* was transformed into E. coli SM-10 and conjugated into L. monocytogenes 10403S (33) . All ligation products were validated by PCR and sequencing.
Construction of pLR16-pheS* counterselection vector. An pKSV7oriT derivative vector (pBHE261), a kind gift from Peter Lauer (Aduro Biotech), and pPL2 were used as templates for pLR16-pheS* construction (18, 35) . pPL2 was digested with XbaI, and digestion products were separated using a 1% agarose gel. The linearized 2,063-bp fragment containing the P15A Ori and the cat gene conveying Gram-negative Cm resistance was purified, circularized using T4 ligase, and transformed into XL-1 Blue cells to generate pLR1. The multiple cloning site (MCS) of pPL2 was amplified using primers 7 and 8 (Table 1) , digested with HhaI and SacI, and ligated to pLR1 digested with AleI and SacI. The ligation product was transformed into XL-1 Blue to generate the 2,262-bp pLR2. pBHE261 and pLR2 were digested with AleI and SacI, and digestion products were separated using a 1% agarose gel. The 4,172 and 2,252-bp fragments, originating from pBHE261 and pLR2, respectively, were purified, ligated and transformed into XL-1 Blue to generate the 6,424-bp pLR4. The 4,172-bp fragment originating from pBHE261 contained the pKSV7 temperature-sensitive Ori ϩ for Gram-positive bacteria, the origin of transfer (OriT), a replication gene (rep), a gene necessary for conjugative mobilization (mob), and a gene conveying Cm resistance to Gram-positive bacteria (Cat ϩ ). pLR4 was linearized using PCR and primers 11 and 12, and the product was separated using a 1% agarose gel and purified. pConst-pheS* was amplified from pPL2-pConst-pheS* constructed in this study using primers 9 and 10 (Table 1), Gibson assembled with the linearized pLR4, and transformed into XL-1 Blue to generate the 7,812-bp pLR15-pheS* (36). pLR15-pheS* had a 109-bp region originating from pPL2 repeating twice. This region was deleted from the plasmid by linearizing it without the region by PCR using primers 13 and 14, circularizing using T4 ligase, and transforming into XL-1 Blue to generate the final 7,703-bp pLR16-pheS* plasmid (see Fig. S2 in the supplemental material). The final pLR16-pheS* was fully validated by sequencing.
Construction of deletion mutants using pLR16-pheS*. In-frame deletion mutations of LMRG_2362 to LMRG_2378 (17 genes of the entire monocin region) (10,727 bp, Δmonocin mutant) and of LMRG_2377 and LMRG_2378, encoding the monocin holin and endolysin (1,132 bp, ΔftbQR mutant), were constructed using overlap extension PCR and primers 15 to 22 (Table 1) (34) . Approximately 1,000-bp (Δmonocin mutant) or 800-bp (ΔftbQR mutant) fragments upstream and downstream from the deleted regions were separately amplified by PCR using primers A and B (i.e., those shown in Table 1 with _A and _B, respectively) and primers C and D (i.e., those shown in Table 1 with _C and _D, respectively). The products were separated using a 1% agarose gel, purified, and used as templates for the overlap extension PCR using primers A and D, generating fragments of ϳ2,000 bp (Δmonocin mutant) or ϳ1,600 bp (ΔftbQR mutant). The PCR products were separated using a 1% agarose gel. The purified product and pLR16-pheS* plasmid were digested with PspOMI and SalI, ligated using T4 ligase, and transformed into XL-1 Blue cells. Ligation products were first verified by PCR using primers 23 and 24 (Table 1) Bacteria from this culture were spread on a BHI agar plate containing Cm at 41°C until large colonies were formed. These colonies represent bacteria with the plasmid fully integrated into their chromosomes, that is, after the first recombination event. One colony from each strain was inoculated in BHI broth and cultured at 30°C overnight, resulting in a mixed culture where typically about 1% of bacteria have lost the plasmid through the second recombination event. The culture was diluted 10 Ϫ4 , and 100 l was plated on BHI agar supplemented with 18 mM p-Cl-phe and incubated at 37°C overnight. Single colonies that grew on the counterselection plates (without counterselection, there is a bacterial lawn) were PCR verified to contain the desired mutation using primers A and D. PCR-verified colonies were validated to be Cm sensitive and designated the Δmonocin and ΔftbQR mutants. Growth curves. Bacteria were grown overnight at 37°C with agitation in BHI broth, and then the culture was diluted 1:10 in BHI, incubated without agitation at 30°C to reach an OD at 600 nm (OD 600 ) of ϳ0.4, diluted to an OD 600 of 0.15, and pipetted in triplicates into a 96-well plate with or without MC (1.5 g/ml). The plates were incubated at 30°C using a Synergy HT BioTek plate reader, and the OD 600 was measured every 15 min following 2 min of shaking. Accession number(s). The suicide-counterselection vector pLR16-pheS* was fully sequenced, and the sequence was submitted to GenBank under accession number KY286114.
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